The neural mechanisms underlying recovery of language after left hemisphere stroke remain elusive. Although older evidence suggested that right hemisphere language homologues compensate for damage in left hemisphere language areas, the current prevailing theory suggests that right hemisphere engagement is ineffective or even maladaptive. Using a novel combination of support vector regression-based lesion-symptom mapping and voxel-based morphometry, we aimed to determine whether local grey matter volume in the right hemisphere independently contributes to aphasia outcomes after chronic left hemisphere stroke. Thirty-two left hemisphere stroke survivors with aphasia underwent language assessment with the Western Aphasia BatteryRevised and tests of other cognitive domains. High-resolution T 1 -weighted images were obtained in aphasia patients and 30 demographically matched healthy controls. Support vector regression-based multivariate lesion-symptom mapping was used to identify critical language areas in the left hemisphere and then to quantify each stroke survivor's lesion burden in these areas. After controlling for these direct effects of the stroke on language, voxel-based morphometry was then used to determine whether local grey matter volumes in the right hemisphere explained additional variance in language outcomes. In brain areas in which grey matter volumes related to language outcomes, we then compared grey matter volumes in patients and healthy controls to assess post-stroke plasticity. Lesion-symptom mapping showed that specific left hemisphere regions related to different language abilities. After controlling for lesion burden in these areas, lesion size, and demographic factors, grey matter volumes in parts of the right temporoparietal cortex positively related to spontaneous speech, naming, and repetition scores. Examining whether domain general cognitive functions might explain these relationships, partial correlations demonstrated that grey matter volumes in these clusters related to verbal working memory capacity, but not other cognitive functions. Further, grey matter volumes in these areas were greater in stroke survivors than healthy control subjects. To confirm this result, 10 chronic left hemisphere stroke survivors with no history of aphasia were identified. Grey matter volumes in right temporoparietal clusters were greater in stroke survivors with aphasia compared to those without history of aphasia. These findings suggest that the grey matter structure of right hemisphere posterior dorsal stream language homologues independently contributes to language production abilities in chronic left hemisphere stroke, and that these areas may undergo hypertrophy after a stroke causing aphasia. Keywords: aphasia; stroke; grey matter; outcome; right hemisphere; voxel-based morphometry Abbreviations: AQ = aphasia quotient; PCAD = proportion of critical area damaged; SVR-LSM = support vector regression-based lesion-symptom mapping; VBM = voxel-based morphometry; WAB-R = Western Aphasia Battery-Revised
Introduction
Approximately one-third of stroke survivors have aphasia, a loss of language ability, as one of their presenting symptoms. Two-thirds of these individuals never regain their prior level of language functioning (Gottesman and Hillis, 2010) . Thus, $20% of stroke survivors are left with chronic aphasia, which causes difficulty communicating in daily life, decreases quality of life and causes substantial long-term disability (Gottesman and Hillis, 2010; Berthier and Pulvermuller, 2011; Gialanella et al., 2011; GonzalezFernandez et al., 2013) .
Engagement of preserved left hemisphere language areas and recruitment of nearby perilesional tissue is thought to support aphasia recovery after stroke (Karbe et al., 1995; Heiss et al., 2003; Saur et al., 2006; Winhuisen et al., 2007; Meinzer and Breitenstein, 2008; Martin et al., 2009; Fridriksson, 2010; Fridriksson et al., 2012) . The role of the right hemisphere in aphasia recovery has been debated since the late 19th century and remains controversial. Evidence of right hemisphere involvement in aphasia recovery begins with Barlow's 1877 case of a boy who recovered from aphasia after a left inferior frontal gyrus stroke and later worsened again after another stroke to the same location in the right hemisphere (Barlow, 1877) . In addition to more recent cases of sequential left and right hemisphere strokes in adults (Basso et al., 1989; Turkeltaub et al., 2012) , other lines of evidence suggest right hemisphere compensation in aphasia: a relationship between poor aphasia outcomes and 'clinically silent' right hemisphere strokes (Yarnell et al., 1976) , worsening of language in aphasic patients after right carotid anaesthesia (Kinsbourne, 1971) , and left visual field and left ear advantages in people with aphasia Weidner, 1974, 1975; Johnson et al., 1977; Moore and Papanicolaou, 1988) . These sources lack the spatial resolution to implicate specific parts of the right hemisphere in aphasia recovery, but suggest that overall the right hemisphere compensates for language deficits after damage to the native left hemisphere network.
However, recent transcranial magnetic stimulation studies of aphasia have shown that inhibiting the right inferior frontal gyrus improves language functions (Naeser et al., 2005; Martin et al., 2009; Barwood et al., 2011; Hamilton et al., 2011) . These studies seemingly suggest that right hemisphere recruitment may have a negative impact on aphasia outcome. However, most brain stimulation studies aimed at suppressing right hemisphere processing in chronic aphasia have used protocols thought to inhibit the targeted area immediately after stimulation (Hallett, 2000; Zaghi et al., 2010) . There is scarce evidence that the language benefits of these techniques in chronic aphasia are related to long-term right hemisphere inhibition. Moreover, the effects of right hemisphere inhibition in areas outside the right inferior frontal gyrus have not been thoroughly investigated.
Functional imaging findings have also raised questions about whether right hemisphere recruitment may be ineffective or even maladaptive in aphasia recovery (Belin et al., 1996; Cao et al., 1999; Winhuisen et al., 2005; PostmanCaucheteux et al., 2010; Allendorfer et al., 2012) . In longitudinal studies, right hemisphere recruitment has often peaked early in recovery and has diminished over time in association with clinical improvements (Fernandez et al., 2004; Saur et al., 2006; Kurland et al., 2008; Breier et al., 2009) , seemingly suggesting that disengaging the right hemisphere is beneficial for long-term aphasia recovery.
There is thus a great deal of inconsistency in the literature on right hemisphere contributions to aphasia outcome. This inconsistency may arise in part because of individual differences in recovery. Patients with small left hemisphere lesions and less severe aphasia may be able to recruit residual left hemisphere language-capable areas (Heiss et al., 1999) , and thus have little right hemisphere activity. In contrast, individuals with large left hemisphere lesions have more severe aphasia because of the extensive damage to the native left hemisphere language network, and must rely on the right hemisphere more (Anglade et al., 2014) . This relationship may lead to the erroneous impression that greater right hemisphere engagement causes worse outcomes, when in fact the causal relationship is reversed. To reveal the true contributions of the right hemisphere to language recovery, it is necessary to first estimate the likely severity of aphasia given the features of the individual and his/her stroke. Only then can one assess whether right hemisphere engagement alters this outcome, either positively or negatively.
Additionally, the impact of performance and effort on task-related activity further complicates the interpretation of functional imaging results. While inverse correlations between activity and performance may suggest maladaptive activity, an alternate interpretation is that individuals with more severe aphasia must exert more effort to perform the task and thus engage the right hemisphere to a greater degree (Just et al., 1996; Fridriksson and Morrow, 2005) . Therefore, in addition to task-related functional imaging, measures of the right hemisphere that are independent of effort or difficulty should be examined. Indeed, some recent diffusion tensor imaging studies have suggested that integrity of right hemisphere white matter pathways relates positively to aphasia outcomes (Schlaug et al., 2010; Forkel et al., 2014) .
In the present study, we addressed whether language outcomes in chronic aphasia relate to grey matter volume in brain areas not directly impacted by stroke. As noted above, to measure the contributions of the right hemisphere, we first needed to predict the likely language outcomes for each individual based on his/her pattern of left hemisphere damage. To accomplish this, we used support vector regression-based multivariate lesion-symptom mapping (SVR-LSM) to identify critical left hemisphere areas for different language functions, and then calculated the amount of damage in these areas suffered by each stroke survivor. We then used these values along with total lesion size and demographic factors to predict the likely language outcome for each individual based on the direct effects of his/her stroke. Next, we used voxel-based morphometry (VBM) to examine whether local grey matter volume of the uninjured brain tissue contributed to language outcomes independent of these stroke and demographic factors. Finally, for each area in which grey matter volume related to language outcomes, we compared the grey matter volumes in stroke survivors to matched controls to test for differences potentially reflecting plastic changes in grey matter related to post-stroke aphasia.
Materials and methods

Participants
The study was approved by the Georgetown University Institutional Review Board and written informed consent was obtained from all study participants prior to enrolment in the study.
Patients
Thirty-two chronic left hemisphere stroke survivors with history of aphasia were recruited with inclusion criteria as follows: native English speaker; at least 6 months post-stroke; able to follow testing instructions; no history of other significant neurological illnesses. See Table 1 for characteristics of  the group, and Supplementary Table 1 for the characteristics of individual participants. All patients had aphasia at the time of stroke based on medical records and received speechlanguage therapy. Most of the patients received several different types of speech-language therapy from multiple clinicians targeting various aspects of speech and language at different times in their recovery. Many also used tablet or smartphone apps to augment speech therapy. Thus, the type and total dose of therapy are not easily quantifiable.
Healthy control subjects
Thirty healthy control subjects without neurological or psychiatric disorder, and matched to the stroke group on age, education, handedness, and gender, were enrolled in the study (Table 1) .
Aphasia and cognitive testing
Patients were given the Western Aphasia Battery-Revised (WAB-R) (Kertesz et al., 1982) , which includes subtests that provide composite scores of Spontaneous Speech, Repetition, Naming/Word-Finding and Auditory-Verbal Comprehension. Totalling these scores provides the Aphasia Quotient (AQ), a measure of overall aphasia severity on a scale of 0-100.
Other language and cognitive domains were tested with the Cognitive Linguistic Quick Test executive composite, excluding generative naming to provide a pure non-language measure; forward and backward digit span (Wechsler, 1987) , with an option to respond by pointing to a number line to prevent motor speech deficits from limiting performance; Corsi Blocks forward and backward spatial span (Corsi, 1972) ; Apraxia battery for adults-2 subtest 2A (Dabul, 2000) and a 30-item pseudoword repetition task.
Image acquisition
MRI data were acquired on a 3.0 T Siemens Trio scanner at the Georgetown University Medical Center with a 3D T 1 -weighted sequence (magnetization-prepared rapid-acquisition gradient echo) with the following parameters: repetition time = 1900 ms; echo time = 2.56 ms; flip angle = 9 ; 160 contiguous 1 mm sagittal slices; field of view = 250 Â 250 mm; matrix size = 246 Â 256, voxel size = 1 Â 1 Â 1 mm; slice thickness = 1 mm.
Image data preprocessing
Support vector regression-based lesion-symptom mapping protocol SVR-LSM, a multivariate lesion-symptom mapping approach (Zhang et al., 2014) , was used to define critical left hemisphere areas in which damage relates to language impairment on a given WAB-R measure. These results were used to quantify individual differences in left hemisphere stroke locations that relate to the behavioural scores, which is vital to determine if grey matter volume in the right hemisphere contributes additional variance to scores. Lesion masks were created by manually tracing stroke damage on the T 1 -weighted images in native space in MRIcron (Rorden and Brett, 2000) . All lesion masks were checked by two board certified neurologists (S.X. and P.E.T.) and then warped into the Montreal Neurological Institute (MNI) space by applying deformation fields derived from the VBM8 analysis (see below). A lesion overlap map is shown in Fig. 1 . Multivariate lesion-symptom mapping is more resistant than voxel-based lesion-symptom mapping to localization errors due to lesion covariance and contributions of multiple brain regions to a given behaviour (Mah et al., 2014; Herbet et al., 2015) . Here, multivariate lesion-symptom mapping was carried out using SVR-LSM running under Matlab R2014a (Zhang et al., 2014) . SVR-LSM uses a machine learning-based multivariate support vector regression algorithm to find lesion-symptom relationships. SVR-LSM analyses were conducted for the overall severity (WAB-R AQ) as well as for each WAB-R subscore (Spontaneous Speech, Naming/WordFinding, Repetition and Auditory-Verbal Comprehension). Only voxels damaged in at least 10% of patients were included in the analysis. Probabilistic maps created using 10 000 permutations of the behavioural scores were thresholded at P 5 0.001 to define the critical areas of the left hemisphere in which damage causes deficits on a given WAB-R subscore. The Proportion of Critical Area Damaged (PCAD) was then calculated for each patient for each WAB-R score.
Voxel-based morphometry protocol
VBM is a whole-brain technique designed to discover subtle, local changes in grey matter density or volume by applying voxel-wise statistics within the context of Gaussian random fields (Ashburner and Friston, 2000) . The structural volume preprocessing and analysis were performed using the VBM8 toolbox in Statistical Parametric Mapping software (SPM8; http://www.fil.ion.ucl.ac.uk/spm) running under Matlab R2014a. Prior to preprocessing, all images were manually realigned to the anterior commissure to reduce between-subject variability and lesion tracings were used to mask out damaged tissue to achieve accurate segmentation and spatial normalization. Data were subsequently processed via a procedure of joint spatial normalization and segmentation using the unified segmentation approach (Ashburner and Friston, 2005) . Specifically, images were corrected for bias-field inhomogeneity, and segmented into grey matter, white matter, and CSF maps. The segmented maps were then registered to a standard template in MNI space using 12-parameter affine linear and non-linear warping transformation. The segmentation procedure was refined with a hidden Markov random field model. Grey matter voxel values were multiplied by the Jacobian matrix parameters derived from normalization to preserve actual grey matter values locally (modulated grey matter volumes). The modulated grey matter volumes were then smoothed with a Gaussian kernel of 8 mm full-width at half-maximum to reduce anatomical variability. All voxels were thresholded at 0.2 to avoid possible edge effects between different tissue types.
Statistical analysis
To determine associations between grey matter volume and behavioural measures, volumetric grey matter images were submitted to separate multiple regression analyses with the overall aphasia severity and WAB-R subscores entered as an explanatory factor. We included factors as nuisance variables that could relate to behavioural performance or grey matter volume: age, gender, level of education, handedness, lesion size, PCAD, and total volume of grey and white matter. We maintained a cluster-level corrected P 5 0.05 significance threshold by applying height and extent thresholds of P 5 0.005 and k = 323, as empirically determined by Monte Carlo simulation (permutations = 5000, with grey matter mask) (Gianaros et al., 2008; Schwartz et al., 2010) .
To clarify how the nuisance covariates included in the VBM analysis contributed to language outcomes with and without grey matter volume in the model, the variables were further introduced into a hierarchical linear regression with language measures as the dependent variables. Partial correlation analyses were performed to test the relationships between grey matter volume in right hemisphere clusters identified in the VBM analysis and the cognitive measures. Further separate univariate analyses were performed to address group differences in mean grey matter volume of each identified cluster between aphasia patients and control subjects. These analyses were conducted using SPSS version 22.
Results
Demographic and behavioural results
Participant demographics and WAB-R scores are shown in Table 1 . There were no significant differences in age, gender, level of education or handedness between patient and healthy control groups. Values for individual patients are shown in Supplementary Table 1 .
Identification of critical left hemisphere areas for language
First, relationships between lesion location in the left hemisphere and language scores on the WAB-R were examined using SVR-LSM. Different, but partially overlapping lesion locations were associated with overall aphasia severity (WAB-R AQ) and each of the WAB-R subscores ( Fig. 2A-E) . In order to examine the contribution of grey matter volume in the spared brain areas to the WAB-R scores, we first needed to estimate the severity of deficits expected for each individual based on the lesion itself. To accomplish this, we used thresholded SVR-LSM maps for the WAB-R scores as volumes of interest and calculated the proportion of each volume damaged in each subject (termed PCAD). PCADs accounted for a large portion of the variance in all WAB-R scores (AQ: R 2 = 0.62, P = 1.0 Â 10
À7
; Naming/WordFinding R 2 = 0.53, P = 2.5 Â 10
À6
; Auditory-Verbal Comprehension R 2 = 0.69, P = 5.2 Â 10
À9
; Repetition R 2 = 0.62, P = 8.8 Â 10
À8
; and Spontaneous Speech R 2 = 0.62, P = 8.6 Â 10
). These strong relationships demonstrate the importance of accounting for the direct effects of the stroke itself on outcomes before considering whether undamaged portions of the brain exert additional influence on outcomes.
Relationship between grey matter volume and aphasia outcome
To examine whether grey matter volume in areas not directly impacted by stroke influence language outcomes, we performed separate VBM analyses to identify areas of spared cortex related to overall aphasia severity and WAB-R subscores. Critically, to account for interindividual differences that might relate to aphasia outcomes or grey matter volume, we included a number of nuisance covariates in the VBM analyses: PCAD, lesion size, total volumes of grey matter and white matter, age, gender, education and handedness. The VBM analysis on overall aphasia severity (WAB-R AQ) demonstrated a positive relationship between grey matter volume and AQ in the right temporoparietal cortex including the supramarginal gyrus and posterior superior temporal gyrus, as well as in the left cerebellum lobules IV-VI (Fig. 3A and Table 2 ). For Repetition, a positive relationship between grey matter volume and performance was observed in the right temporoparietal cortex including the supramarginal gyrus, the posterior superior temporal gyrus and the posterior middle temporal gyrus (Fig. 4A and Table 2 ). For Naming/WordFinding, grey matter volume in the right supramarginal gyrus and the posterior superior temporal gyrus was also positively related to performance (Fig. 5A and Table 2 ). For Spontaneous Speech, a small area of the right posterior superior temporal gyrus related positively to the scores, along with bilateral areas of the cerebellum in lobules IV and V ( Fig. 6A and Table 2 ). No negative relationships between grey matter volume and performance were found, and no relationships between grey matter volume and Auditory-Verbal Comprehension were identified.
To clarify the relationships between aphasia outcomes, grey matter volume, and covariates observed in the VBM analysis, we next performed separate hierarchical regressions using the WAB-R scores as dependent measures. PCAD, lesion size, total volume of grey matter and white matter, age, gender, level of education and handedness were entered first, followed by grey matter volume. The hierarchical regression analyses showed that PCAD was the only significant predictor of WAB-R scores when excluding grey matter volume. When grey matter volume was added to the models, PCAD, grey matter volume, and age were significant predictors of all language scores. For Repetition only, gender was also a significant predictor. Age emerged as a significant predictor of the WAB-R scores not because of a direct effect on scores, as evidenced by a lack of relationship with scores when grey matter volume was excluded, but rather because grey matter volumes were inversely related to age as expected due to agerelated atrophy (AQ right hemisphere cluster R = À0.537, P = 0.002; AQ cerebellum cluster R = À0.467, P = 0.007; Repetition cluster R = À0.452, P = 0.009; Naming/WordFinding cluster R = À0.488, P = 0.005; Spontaneous Speech right hemisphere cluster R = À0.578, P = 0.001; Spontaneous Speech cerebellum cluster R = À0.426, P = 0.015). For WAB-R AQ and Spontaneous Speech, the grey matter volumes for both right hemisphere and cerebellar clusters were added into the model, and in both cases, only the right hemisphere grey matter volume was a significant independent predictor of aphasia outcome [WAB-R AQ right hemisphere cluster t(22) = 4.70, P = 0.0001, cerebellum cluster t(22) = 0.917, P = 0.37; Spontaneous Speech right hemisphere cluster t(22) = 4.44, P = 0.0002, cerebellum cluster t (22 Table 2 . No significant correlation was found between the mean grey matter volumes of identified clusters and time from stroke across patients (all P 4 0.10). This is expected, as all patients were at least six months post-stroke, and there were no relationships between time from stroke and aphasia scores in the group, controlling for covariates as above (all P 4 0.10).
Relationship between grey matter volume and cognitive functions
The VBM analyses demonstrated that partially overlapping regions of right temporoparietal cortex relate to WAB-R AQ and the language production subscores. To further specify the possible cognitive/language functions underlying these results, we tested correlations between the grey matter volumes in these clusters and measures of executive function (Cognitive Linguistic Quick Test executive composite), verbal working memory (digit span forward and backward), spatial working memory (Corsi blocks forward and backward), speech praxis (Apraxia Battery for Adults-2, subtest 2A), and output phonology (pseudoword repetition), partialling out confounding factors (age, gender, level of education, lesion size, total volume of grey and white matter). The partial correlation analyses showed that the mean grey matter volumes of the right hemisphere clusters were associated with digit span forward (AQ right hemisphere cluster: R = 0.514, P = 0.007; Repetition cluster: R = 0.396, P = 0.045; Clusters showing significant correlations with language performance. We present the size of the clusters (thresholded at P 5 0.05, k = 323 voxels, AlphaSim corrected), MNI coordinates of peak voxel within each cluster, brain regions and the corresponding Brodmann area (BA). The x, y, z coÀordinates are according to the MNI atlas. Anatomical location is the peak within a cluster defined as the voxel with the highest t-score. a Variables of no interest include age, gender, level of education, handedness, total volume of grey matter and white matter, lesion size, proportion of critical area damaged (PCAD).
Naming cluster R = 0.378, P = 0.057; Spontaneous Speech right hemisphere cluster: R = 0.528, P = 0.006). The Spontaneous Speech right hemisphere clusters were also associated with pseudoword repetition (R = 0.397, P = 0.045). Full partial correlation results are provided in Supplementary Table 3 .
Comparison with right hemisphere grey matter volume in control subjects
Next to examine whether these relationships reflected neuroplasticity after stroke, we compared mean grey matter volumes from aphasia patients with healthy controls in the clusters identified in the VBM analyses. Age, gender, level of education, and handedness were included as confounding variables. The marginal mean grey matter volumes in patients were significantly higher than control subjects in the right hemisphere clusters related to AQ [F(1,56) = 5.58, P = 0.022] (Fig.  3D) , Repetition [F(1,56) = 5.01, P = 0.029] (Fig. 4C) , and Naming/WordFinding [F(1,56) = 6.77, P = 0.012] (Fig. 5C ). In contrast, marginal mean grey matter volumes within the cerebellar cluster related to AQ were significantly lower in patients than control subjects [F(1,56) = 13.77, P = 0.0005] (Fig. 3D) . For Spontaneous Speech-related clusters, the marginal mean grey matter volumes in the cerebellar cluster was significantly lower in patients than controls [F(1,56) = 8.26, P = 0.006], but no significant difference was found in the right hemisphere cluster [F(1,56) = 1.74, P = 0.193] (Fig. 6D) . To ensure that local grey matter volumes were not influenced by stroke-related differences in global right hemisphere tissue volume, we repeated the above analyses adding total right hemisphere grey and white matter volume as a confounding variable. The results for all right hemisphere clusters remained significant: AQ [F(1,55) = 4.86, P = 0.032], Repetition [F(1,55) = 4.31, P = .04] and Naming/Word-Finding [F(1,55) = 6.03, P = 0.017].
To further ensure that these between group effects did not reflect a general consequence of stroke regardless of aphasia, we identified 10 patients from our other research protocols with chronic left hemisphere stroke but no history of aphasia (Supplementary material). Controlling for age, gender, handedness and total volume of grey matter and white matter, the mean grey matter volumes in patients with aphasia were significantly greater than in the 10 nonaphasic patients in the right hemisphere clusters related to AQ [F(1,36) 
Discussion
In the first study to examine relationships between right hemisphere grey matter structure and language outcomes in chronic left hemisphere stroke, we found that grey matter volumes in the right temporoparietal cortex were independently and positively associated with language production outcomes after controlling for key individual differences. In addition, grey matter volumes in the right temporoparietal cortex were greater in left hemisphere stroke survivors with aphasia than either healthy controls or left hemisphere stroke survivors with no history of aphasia. These findings suggest right hemisphere compensation for language deficits after stroke that is at least partly related to beneficial right hemisphere structural plasticity in chronic post-stroke aphasia.
Contrast with recent ideas about the right hemisphere role in aphasia
Our results conflict with some common notions about the role of the right hemisphere in aphasia recovery. Some have suggested that right hemisphere recruitment depends on the left hemisphere lesion size (Heiss et al., 2003; Heiss and Thiel, 2006) , specifically that in chronic aphasia individuals with large lesions must rely on the right hemisphere more than those with small lesions, and that these individuals recover poorly because the right hemisphere is ineffective in compensating for language deficits (Anglade et al., 2014) . However, we covaried for stroke size and found compensatory relationships in the right hemisphere across the group, indicating that right hemisphere compensation was independent of lesion size. Further, grey matter volumes of right temporoparietal cortex contributed significant independent variance to speech production outcomes, demonstrating that right hemisphere recruitment, at least in this context, did contribute positively to aphasia recovery.
One key factor in coming to this conclusion is that we did not examine direct relationships between outcomes and right hemisphere recruitment, which ignores the primary driver of aphasia severity, the stroke itself. Instead, we first estimated the likely language outcomes based on stroke size, PCAD and demographic factors and then asked whether right hemisphere recruitment relates to deviations from those predicted outcomes. By addressing the problem in this way, we have demonstrated that right hemisphere language homologues, at least in posterior language areas, do contribute positively to aphasia outcomes in the chronic phase of recovery. This finding also conflicts with prior suggestions that right hemisphere compensation occurs early in recovery, but not in the chronic phase. One prominent longitudinal study of post-stroke aphasia reported increased right frontal activity correlated with language recovery in the subacute period, followed later by decreased activity and a corresponding shift back to the normal left dominance of language in the chronic period (Saur et al., 2006) . Other studies have suggested that right hemisphere activation in the chronic stage could be associated with poor language recovery following stroke (Szaflarski et al., 2013) . Here, we found structural evidence of right hemisphere compensation in the chronic period.
Differences with some previous results may relate to the difference in the metrics of right hemisphere compensation used. Whereas prior studies have primarily used taskrelated functional brain activity to examine language networks in aphasia (Belin et al., 1996; Heiss et al., 2003; Winhuisen et al., 2005; Richter et al., 2008; Allendorfer et al., 2012) , we instead examined the relationship between grey matter structure and language. Despite its many merits, task-related functional brain activity is related to task difficulty (Just et al., 1996) , which depends on aphasia severity (Fridriksson and Morrow, 2005) . Further, functional imaging studies are only sensitive to the specific areas of the brain activated by the particular task used. Thus, examining brain structure rather than functional activity may reveal different effects. One recent study examined white matter integrity in chronic post-stroke aphasia using diffusion tensor imaging, and similarly found relationships between right hemisphere networks and language outcomes (Forkel et al., 2014) . Here, we have provided parallel evidence for relationships between right hemisphere grey matter structure and language outcomes. The demonstration of larger grey matter volumes in stroke survivors with aphasia than both controls and stroke survivors with no history of aphasia extends these findings to suggest that right hemisphere compensation in aphasia occurs, at least in part, through structural plasticity. Because we used a cross-sectional design rather than a longitudinal study with one specific intervention, our results suggest that compensation by right hemisphere grey matter structures may serve as a general mechanism of aphasia recovery.
Mechanisms of right hemisphere compensation in aphasia
The microstructural basis of the right hemisphere grey matter hypertrophy in these results remains unclear. Potential mechanisms underlying grey matter plasticity include axonal sprouting, dendritic branching and synaptogenesis, neurogenesis as well as angiogenesis (Zhao et al., 2006) . Indeed, all of these changes have been observed previously in animal models of stroke recovery (Kerr et al., 2011) and thus may be involved here. Our findings of compensatory hypertrophy are also in line with structural plasticity studies showing focal changes in grey matter during learning in healthy adults (Maguire et al., 2000; Golestani et al., 2002; Gaser and Schlaug, 2003; Draganski et al., 2004 Draganski et al., , 2006 Taubert et al., 2010 Taubert et al., , 2012 . Additionally, evidence from studies on second language learning in healthy adults shows that second language competence positively correlates with activations or grey matter volume in right hemisphere networks including the superior temporal gyrus and supramarginal gyrus (Jeong et al., 2010; Raboyeau et al., 2010; Van EttingerVeenstra et al., 2012; Hosoda et al., 2013) . Studies in stroke have also shown longitudinal changes in grey matter volume (Dang et al., 2013; Fan et al., 2013) , sometimes associated with therapy for motor deficits (Gauthier et al., 2008) or even listening to music (Sarkamo et al., 2014) . In aphasia, constraint-induced language therapy and melodic intonation therapy have been shown to enhance integrity of the right arcuate fasciculus (Schlaug et al., 2009; Breier et al., 2010) . Here we have demonstrated that similar changes may occur in right hemisphere grey matter morphology. Further, the changes observed here reflect a general mechanism of language recovery in chronic aphasia, and are not restricted to direct, potentially transient, treatment effects.
We observed a relationship between right temporoparietal grey matter volumes and speech production measures across patients with various lesion sizes and locations. One might expect that post-stroke plasticity would vary based on these individual differences, as well as differences in speech therapy and other behavioural experiences. Indeed, there may be considerable individual differences in patterns of recovery (Torres et al., 2013) . For this reason, we performed our whole brain analyses to identify areas in which grey matter volumes related to aphasia outcomes. Thus, the focality of the results is related to the brain-behaviour relationship, not the spatial distribution of hypertrophy across patients. Pertinent to these results, we have previously demonstrated that right hemisphere language activation is consistently localized across functional imaging studies of aphasia using varied populations and methods. Moreover, right hemisphere functional activity is not limited to simple one-for-one compensation by individual nodes homotopic to the area of damage (Turkeltaub et al., 2011) . As such, one would expect right hemisphere brain-behaviour relationships to be consistently localized across individuals despite individual differences, as we found here.
The driver for the hypertrophy in this area is likely recruitment of alternate right hemisphere processors capable of compensating for a specific language or cognitive process involved in speech production across various specific tasks. This compensation may be a consequence of experience, whether formal speech therapy, self-therapy with apps or at-home exercises, or simply the experience of struggling to communicate with aphasia. These effects are not likely driven by a specific speech therapy experience because the nature and quantity of speech therapy varies between individuals substantially. Rather, various experiences likely drive recruitment and hypertrophy of right hemisphere processors capable of supporting key cognitive/language functions involved in speech production after damage in the left hemisphere language network.
Cognitive and language compensation by the right hemisphere
We found that the grey matter volumes in right temporoparietal areas are related to speech production, but not comprehension. Furthermore, we identified a relationship between the grey matter volumes of identified right hemisphere regions and forward digit span, a measure of verbal working memory capacity, as well as pseudoword repetition, which relies on both verbal working memory and other phonological output processes. Importantly, we allowed patients to point to a number line when responding on the digit span to ensure that scores did not simply reflect motor speech deficits. Moreover, no relationships were observed between grey matter volumes and other cognitive faculties, including backwards digit span, which relies on executive control of working memory. These results suggest that the right hemisphere areas identified here contribute to aphasia outcomes not through broad domain general effects on cognition, but through effects on particular aspects of language production, including verbal working memory capacity and phonological output processing.
These right temporoparietal areas thus likely compensate for homologous left hemisphere areas, as the left temporoparietal cortex is commonly implicated in verbal working memory capacity and phonological output processes. Lesion-symptom mapping studies have implicated the left posterior superior temporal gyrus and the supramarginal gyrus in verbal working memory capacity (Leff et al., 2009) , phonological retrieval (Pillay et al., 2014) , and phonemic paraphasias (Schwartz et al., 2012) , possibly through a role in phonological short term storage (Baldo and Dronkers, 2006) . Similarly, neuroimaging studies have implicated the left posterior superior temporal gyrus in phonological access (Graves et al., 2007) and verbal working memory capacity (Richardson et al., 2011) . The left supramarginal gyrus is commonly activated during phonological decision-making in healthy subjects (Devlin et al., 2003; Buchsbaum and D'Esposito, 2009) . Recent transcranial magnetic stimulation studies have found that disruption of the right supramarginal gyrus interferes with performance of phonological but not semantic decision tasks (Hartwigsen et al., 2010) , and impairs single word production in healthy adults (Sollmann et al., 2014) . These findings suggest that right temporoparietal areas may be good candidates to compensate for damage in the left hemisphere language network after brain injury. These areas may undergo hypertrophy after stroke due to increased reliance on either learned compensatory strategies or due to the extra verbal working memory load associated with communicating with aphasia. Additional studies, ideally using inhibitory transcranial magnetic stimulation in people with aphasia, will help to confirm that the right temporoparietal cortex compensates for speech production deficits by contributing to verbal working memory capacity and phonological output processes.
Alternate interpretations
It should be noted that our evidence for plasticity in the right hemisphere is based on cross-sectional intergroup comparisons. Controlling confounding factors as much as possible, we still found robust effects suggesting structural hypertrophy. Even stronger evidence of structural hypertrophy in these areas will come from future longitudinal studies. If not related to plasticity, the relationship between right temporoparietal cortex and language outcomes likely reflects premorbid interindividual differences in these areas that protect from language deficits after left hemisphere stroke. Indeed, the degree of left lateralization of language predicts the severity of language deficits induced by transient lesions using transcranial magnetic stimulation (Knecht et al., 2002) . Here, relative bilaterality of language might be reflected in greater grey matter volumes in the right hemisphere, which makes an individual's language system more resilient in the face of left hemisphere stroke. Alternatively, greater grey matter volumes in these areas may reflect relatively greater premorbid ability in paralinguistic or attentional processes involving the right temporoparietal cortex (Geranmayeh et al., 2014) . Perhaps individuals with greater premorbid attention obtain more benefits from speech-language therapy, which could facilitate a better recovery and concomitant expansion of verbal working memory capacity through other neuroplastic mechanisms not measured here. Although additional longitudinal data will strengthen the evidence for post-stroke plasticity presented here, the current results still demonstrate for the first time a positive association between focal right hemisphere grey matter structure and language outcomes after left hemisphere stroke.
Relationships with grey matter in other undamaged areas of the brain
The VBM analyses also demonstrated a relationship between grey matter volumes in the cerebellum and language outcomes, specifically Spontaneous Speech and as a consequence, overall aphasia severity. The location of the cerebellar clusters is close to areas previously implicated in speech output processes in neuroimaging studies (Callan et al., 2007) . If the atrophied areas of the cerebellum played a role in language prior to the stroke, this could cause additional deficits beyond those caused by the direct damage of the stroke. Additional studies using diffusion tensor imaging tractography would help to confirm the cause of atrophy in these cerebellar areas.
Notably, we observed no relationships between grey matter volumes and language outcomes in the left hemisphere. This could be attributed to variability in stroke distributions, which could result in different patterns of peri-lesional compensation between stroke survivors. However, previous studies of aphasia have shown grouplevel functional activity in the left hemisphere (Fridriksson, 2010; Turkeltaub et al., 2011) , suggesting that specific alternate brain areas in the left hemisphere are engaged after stroke, and that 'peri-lesional' left hemisphere recruitment needn't involve the tissue immediately adjacent to the lesion. Perhaps distortions in spatial normalization near the lesion or atrophy in some cortical layers due to severed axonal connections with the lesion (Rowan et al., 2007) interfered with the ability to identify compensatory alterations of other neuronal circuits in these areas.
Conclusion
The current findings provide the first evidence that grey matter structure in right hemisphere language area homologues is associated with language recovery in chronic poststroke aphasia, and suggests that post-stroke hypertrophy in these areas accounts, at least in part, for these effects. This implies that structural plasticity in the right temporoparietal cortex may serve as a general compensatory mechanism for speech production regardless of sources of interindividual variability in post-stroke aphasia. These findings may provide novel targets for enhancement using non-invasive brain stimulation techniques in chronic poststroke aphasia. data collection, and our participants for their involvement in the study.
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